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ABSTRACT 
Electromagnetic wave absorbers have been intensely investigated in the last century 
and found important applications particularly in radar and microwave technologies 
to provide anechoic test chambers, or vehicle stealth. Adding new features such as 
dynamic modulation, absorption frequency tunability, and nonlinearity, absorbers 
gain further functions as spatial light modulators, adjustable protective layers, and 
saturable absorbers which was a key factor in creation of ultra-fast lasers. These 
efforts required a rigorous search on various materials to find desired behavior. As a 
rather recent research field Metamaterials (MM) provide an easier path for creation of 
such materials by allowing engineering the interaction between electromagnetic radi-
ation and materials. Alongside many exotic applications such as invisibility cloaking 
or negative refraction, MMs also made perfect, or near-unity, absorbers possible. 
Thanks to their ability to control electric and magnetic responses , by matching the 
impedance of the MMs to that of free space and simultaneously increasing the losses 
in the structure, perfect absorption can be achieved. This has · been experimen-
tally demonstrated in various bands of electromagnetic spectrum such as microwave, 
terahertz (THz), infrared, and visible . As in their earlier counterparts, adding mod-
ulation and nonlinearity to MM absorbers will broaden their contribution especially 
vi 
in the THz region which is nascent in terms of optical devices such as switches, 
modulators or detectors. With the recent developments in the THz lasers, THz non-
linear absorbers will be needed to realize ultra-fast phenomena in this region. The 
main focus of this thesis is incorporating conventional and novel methods to create 
some of t he initial examples of optically controlled MM THz perfect absorbers using 
microfabrication tools. 
First, an optical switching method is employed to create a fast modulated MM 
absorber . Utilizing photo-excited free carriers in silicon pads placed in the capacitive 
gaps of split ring resonators, a dynamically modulated absorber is demonstrated in 
reflection mode. In the second part, nonlinear THz semiconductor metamaterials 
(SCMMs) are formed using doped InAs disk arrays . The SCMM shows a resonance 
behavior arising from the localized plasmonic oscillations and the oscillator strength 
can b e nonlinearly modulated since n-type semiconductors exposed to high field 
THz radiations exercise non-linear scattering/ absorption behavior due to ballistic 
transport of conduction band electrons and intervalley scattering. Then, nonlinear 
THz wave absorbers are created using SCMMs where properties such as saturable 
absorption, optical limiting, and broadband absorption are achieved. A significant 
problem of t he developed absorbers was t he thick semiconductor substrate which 
is undesired for its contribution to the electromagnetic response. As a solution an 
example substrate-free device (a semiconductor MM absorber) is demonstrated using 
transfer printing method. Also being flexible, this device brings further opportunities 
such as application on curved surfaces. Developed controllable perfect absorbers 
demonstrated in this thesis work can help advancing the THz science and open up 
new horizons for various commercial products in t he near future. 
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Chapter 1 
Introduction 
1.1 A B rief Introduction to M et amaterials 
Light-matter interactions set one of the major branches of science and engineering 
research. After coined around the year 2000, metamaterials (MMs) have provided a 
stage for creation of artificial material properties to achieve engineered light-matter 
interactions which may also allow negative refraction phenomena that is not common 
in natural materials. [1-5]. MMs are composed of subwavelength structures which 
ensure the homogenization of electromagnetic field . These subwavelength structures 
are often called as meta-atoms or meta-molecules in analogy with natural atoms or 
molecules (Figure 1.1). Forming arrays of these meta-atoms, the interaction with 
the electromagnetic wave leads to an averaged macroscopic response which can be 
defined over effective material properties (e.g. permittivity, permeability) [ 6]. These 
electromagnetic properties mainly arise from the structure of the MM although com-
posing material properties also play an important role. Therefore, MMs are largely 
scalable on all over the electromagnetic spectrum from radio waves to ultraviolet light 
where light-matter interactions can be accurately modeled using Maxwells equations 
and macroscopic material properties. For example, well known split ring resonator 
(SRR) structure have been demonstrated over most of the electromagnetic spectrum 
to acquire similar electric and magnetic responses [1, 7-9]. 
o-
H+ H+ 
I . 
Electric response (E) 
originating from 
molecular shape 
Magnetic response(~) 
originating from 
electron spinning, 
orbiting, etc. 
2 
Meta-structure 
+ 
Cut wire 
Split ring resonator 
Figure 1.1: Two common metamaterial unit structures: Cut-wire (Top) and split 
ring resonator (Bottom). Cut-wire can mimic electric polarization where a split ring 
resonator can mimic both electric and magnetic polarizations of atoms/molecules. 
Similar to natural materials, analytic expressions can be derived to express macro-
scopic behaviors of metamaterials. For example, Clausius-Mossotti relation can be 
applied to establish a relation between microscopic and macroscopic properties , which 
is stated as in 1.1 for a cubic lattice with spherica'lly symmetric unit elements [10]. 
(1.1) 
Thus, 1.1 shows an approximation to relate effective electrical response (Eeff) to 
permittivity of the host medium ( ~::h), number density (N = 1/[4n R 3], R: radius of 
unit sphere) and polarizability (a) of subwavelength inclusions. This relation sug-
gests that by characterizing unit structure of a MM, an idea about its macroscopic 
behavior can be derived. Then, the problem comes down to solving Maxwell's equa-
tions for the inclusion. For spherical inclusions much smaller than .the excitation 
3 
wavelength only a fundamental dipolar polarization mode is supported for a plane 
wave. This regime for a spherical particle is explained by the Rayleigh scattering. 
The polarizability of a spherical inclusion with a dielectric permitt ivity of Ei and 
radius of a inside a host medium (ch) is calculated as in 1.2 by solving the Laplacian 
of the electric potential (\72 <1'> = 0). 
(1.2) 
Substituting 1.2 in 1.1 , results in the form in 1.3 which is known as Mawwell-
Garnett theory [11] . One immediate result we can derive from this formulation is 
that volume fraction of the inclusion to the total unit volume (f = a3 / R3 ) has a 
determinantal role in effective permittivity. 
1 + 21 Ei - Eh 
Ei + 2Eh 
Eef f = -1---j-E-"i --;__E_h.:.:._ Eh 
Ei + 2ch 
(1.3) 
Clearly to use above calculations ingredient material properties should b e well 
defined. MM behavior becomes more sensitive to the composing materials if they 
are dispersive at the frequency range of interest (e.g. metals in the IR or doped 
semiconductors in t he THz range). Electrical properties of materials can be estimated 
decently by using a classical picture. Motion of an electron under t he influence of an 
electric field can be assumed as a second degree harmonic motion with effective mass , 
damping, and spring constant due to contribution of many physical phenomena such 
as electron-electron scattering, electron-phonon scattering, and interactions b etween 
charged particles: 
d2x meff dx 
m ff- + ---- + kx = -eEt t 1 
e dt2 T dt 0 a (1.4) 
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where m eff is effective mass, T is electron decay time, k is spring constant due to 
positive nucleus, and e is electron charge. For Etat = E0e-iwt, the solution of the 
differential equation will be in the form of x = x 0e- iwt where x0 is given by 1.5. 
eE0 1 
Xo = --- 2 . 
meff Wo - W 2 - 't/W 
for collision frequency (!), and mobility (p,) are related with 1.6 
e 
1= 1/T= --
P,meff 
and natural frequency (w0 ) is given by 1. 7. 
w5 = k/meff 
(1.5) 
(1.6) 
(1.7) 
Then, polarization and dielectric functions can be calculated as 1.8 and 1.9, re-
spectively (Nd: carrier concentration, ~::0 : vacuum permittivity x: medium suscepti-
bility): 
P = Ndex = EoXEtotal (1.8) 
(1.9) 
where plasma frequency (wp) is defined as: 
(1.10) 
Above solution is known as Lorentz model and shows a resonance behavior. A 
material can exhibit many resonances at various frequencies due to various carrier 
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and lattice dynamics such as electron transitions and all of these resonances can be 
included in the dielectric function represented as a sum of Lorentz functions. For 
conductors, contribution from bound electrons are neglected and, therefore, w0 term 
is omitted that arises from the attraction force between the electrons and the posi-
tively charged atomic core. However, the response of the bound electrons becomes 
more pronounced near and above the plasma frequency. This response is usually 
represented as a constant background permittivity. In order to include this effect a 
constant permittivity term, c00 , that is the permittivity at the high frequency limit 
should be added to the dielectric function . This modified form of the permittivity is 
known as Drude model given by 1.11. · 
(1.11) 
Based on Drude model, a typical conductor has a large negative real permittivity 
at low frequencies which gradually becomes positive as the external electric field 
frequency exceeds Wp (for c==l). Here , we should note that this dispersive behavior 
of conductors sets a limit on the scalability of MMs. On the other hand, unless 
operated around a phonon mode or electron transition frequency, a dielectric takes 
a positive real permittivity and this may stay around the same value for a large 
bandwidth of frequencies depending on the losses in the dielectric. Therefore , looking 
back at 1.3, assuming conductor inclusions in dielectric host mediums a resonance 
condition may be satisfied for the effective medium response for Ei(w) = -2Eh· For 
a conductor with'"'(« W, this resonance can be observed around Wpj V2ch + cCXJ due 
to plasmonic oscillations. 
As pointed out at the beginning of the chapter, as well as their composition, 
MMs also owe their properties to the geometry . For example, deviating from a 
6 
sphere to a spheroid results in a different polarization than 1.2. A spheroid needs an 
additional geometric factor such that the formalization of t he polarizability evolves 
as in 1.12 [12] . 
(1. 12) 
a,b, and c are t he three radii of the spheroid and L is defined by the set of equations 
1.13-1.15. 
L _ abc f oo ds 
- 2 } 0 (c2 + s)g(s) (1.13) 
(1. 14) 
(1. 15) 
Although spheres are t he easiest geometries to analyze, more often we see other 
type of inclusion geometries developed and used in the practical life. One of initiator 
works of Metamaterials was Pendry's mesh of infinitely thin wires which can mimic 
plasmonic oscillations in very low frequencies due to strong inductive effects [1 3]. 
Then, it was shown that by introducing discontinuities to the infinite wire eit her 
by adding lumped impedances or cutting the wire periodically a resonant effective 
permittivity is possible [14, 15] . The scheme of cut-wires are very similar to the lattice 
of spherical particles with a difference of that due to asymmetry, cut-wire response 
depends on the incident wave's polarization. By introduction of split ring resonators 
(SRRs) it has been shown that a strong artificial magnetism is also possible [16]. 
Artificial magnetic response is one of the most prominent contributions of MMs 
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since naturally occurring magnetic materials are usually limited to operate up to 
microwave frequencies. This was a milestone for creating negative refractive index 
MMs. It is possible to use SRRs to create both effective resonant permittivity and 
permeability. In [17], effective parameters for an SRR are calculated using LC circuit 
model and without taking lattice effects into account. When the light is incident on 
SRR as in Figure 1.1(i), the response is purely due to the electric field and an effective 
permittivity is formulated as 1.16. 
Af 
ESRR(w)= 1+ 2 2 · 
W 0 -W - Z/W 
(1.16) 
where A is the geometric factor, f is the filling fraction, w is the frequency in radians, 
w0 is the LC resonance frequency (w0 = 1/VLC, £:inductance, and C:capacitance) , 
and 1 is the damping ratio (! = R/ L, R:resistance). When the light is incident on 
SRR as in Figure 1.1(ii) , magnetic flux inside the ring induces a circulating current 
and an artificial magnetic polarization can be realized. The effective permeability 
function for this case can be acquired by 1.17. 
jw2 
f.-LSRR(w) = 1 + 2 2 · 
W 0 - W - Z/W 
(1.17) 
Later, simplified forms of split ring resonators have been found as a pair of cut-
wires [18, 19] which is also used in a slightly different form -in crea,ting perfect ab-
sorbers [20]. This approach simplified t he fabrication because otherwise SRRs need 
to be in standing-up position for an efficient coupling of magnetic component of a 
normally incident wave [21] . 
As pointed out upto this point a MM slab can be used to control transmis-
sion/reflection of the light based on its effective parameters. The coefficients of 
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transmission/reflection can be found using Fresnel equations. Inversely, macroscopic 
properties of a MM can also be retrieved by looking at the scattering parameters 
acquired from simulations or experiments [6, 17]. These retrieval methods play an 
important role because analytic models are usually not very accurate in estimating 
designed MMs. Finding an accurate analytic solution becomes increasingly more dif-
ficult when the particle geometry becomes more complex, when particle size exceeds 
the quasi-static limit , and when there are other objects in the proximity creating 
additional coupling effects. Even though higher complexity analytical solutions are 
possible in some cases (e.g. Mie scattering for spherical particles larger than quasi-
static limit) , most of the times numerical methods are preferred over analytic solu-
tions for the complex problems. In this thesis we also employ a full-wave numerical 
solver to find the electromagnetic response of designed MMs. 
1.2 Electromagnetic Absorbers and Metamaterials 
All materials in the nature are electromagnetic absorbers whose absorbance change 
over the spectrum based on the material properties. Depending on the geometric and 
constitutive parameters incoming light may scatter in various directions and some 
of the energy may be absorbed and converted to heat (Figure 1.2) It is known that 
these absorptions can originate from various mechanisms. In microwave and lower 
frequencies classical electrodynamic effects such as eddy currents may cause absorp-
tion while quantum mechanical phenomena based absorption can occur on a wide . 
range of the electromagnetic spectrum. The later gives atoms and molecules spec-
tral signatures as absorption bands which may arise from molecular rotation/torsion, 
atomic vibrations, and phonon and electron excitations. In addition to these mech-
anisms, absorption may be due to interference of electromagnetic waves and this is 
Dielectric 
beam 
beam 
9 
Transmitted 
Absorbed&Converted 
energy 
Figure 1.2: Depending on the geometry .and constitutive parameters of a dielectric 
slab, transmission, reflection and absorption or a subset of these processes may occur. 
essentially controlled by the geometry of the substance. Studying these behaviors 
let many scientific and engineering achievements including absorption spectrometry 
which is used to detect biological/chemical specimens and their compositions. 
Creating man-made electromagnetic absorbers became an interest after the de-
velopment ofradar technologies and appeared commercially for the first time in 1936 
for microwave frequencies [22,23]. This was a quarter wave slab made out of carbon 
and Ti02 mixture for better absorption and higher refractive index, respectively. 
High refractive index was particularly desired since a quarter wave in microwave 
corresponds to several em and initial purpose of the absorbers were coating military 
vehicles. Then, many other formulations have been used such as Salisbury screen 
and Jaumann device which are single and multiple layer versions of a resistive screen 
and a dielectric slab. Many different geometries have also been developed including 
the pyramidal arrays which are still in use in unechoic chambers. The initial purpose 
of these electromagnetic absorber designs was to minimize reflections by impedance 
matching. The reason is straight forward to see from Fresnel's reflection coefficient 
given by 1.18 and 1.19 for TM and TE wave incidences, respectively. 
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Figure 1. 3: Schematic representation of transmission and reflection at the boundary 
(1.18) 
(1.19) 
where E denotes the electric field amplitude and () is the angle between t he wavevec-
tor and the normal of the boundary(Figure 1.3). Z is the impedance for a plane and 
defined as the ratio of electric and magnetic field amplitudes or permeability and 
permittivity: 
Z ( ) = Ex(w) = 
x w Hx(w) 
1-tr,x ( W) /-to 
Er,x(w)co (1.20) 
Thus, from 1.18 and 1.19, impedance of the absorber should match the free space 
impedance for minimized reflection at near normal incidence angles. For free space 
relative permeability and permeability are unity (cr = f-tr = 1) , and impedance is 
Z0 = 377 D. Therefore, an absorber should satisfy the condition t-tr/Er = 1. We 
should note that permittivity and permeability as well as the Fresnel 's coefficients, 
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Figure 1.4: Schema.tic representation of reflection from a dielectric slab terminated 
with a perfect conductor 
are complex functions of freql.lency. Imaginary parts of the macroscopic material 
constants are primarily responsible for the attenuation of the radiation while they 
indicate a phase shift for the transmission/reflection coefficients. 
In the treatment above the absorber is shown as an infinite slab with an open end 
which is practically not always applicable unless the thickness of the absorber is not 
a concern. In most cases, the absorbing medium should consist of a slab with a finite 
thickness that can mimic an infinite medium via some effective medium properties. 
This is usually done by terminating the slab by a metal sheet. Therefore, the actual 
problem becomes matching the impedances of free space (Z0 = 377 0) to the metal 
(Zm >=:::::0 0). Then, we should look at the reflection from a dielectric slab backed by 
a metal (Figure 1.4) that can be expressed as sum of all reflected rays as in 1.21 
(1.21) 
where r 1 (tt) and r 2 (t2 ) represent the Fresnel reflection (transmission) coefficients 
from free space to absorber and from absorber to free space, respectively. P is the 
complex propagation term that can be expressed with 1.22 for absorber dielectric 
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material's relative macroscopic parameters (cr,d ,f.hr,d), free space wavelength (..\0 ), 
and dielectric thidmess (d). Transmission coefficients are given by 1. 23 and 1. 24 for 
TM and TE waves , respectively (see Figure 1.3). 
. 27r -1( )) P( e) = exp( z.Jcr,d/.hr,d Ao d cos et (1.22) 
(1.23) 
(1.24) 
Now we can state the problem as minimization of Ttotaz, since we don't concern 
about the transmission through the slab assuming that metal is thick enough and 
doesn't allow any transmission. To simplify the analytic expression let's consider 
normal incidence which simplifies 1.21 to 1.25. This is also the form of equation of 
the same problem stated for transmission lines. 
Zd- ZdP2 (0) - ZoP2 (0) - Zo 
Zd- ZdP2 (0) + ZoP2 (0) + Zo (1.25) 
It is possible to calculate an effective impedance (Zeff) using the identity in 1.26 
Zeff- Zo r n = _____,c.::....__ _ 
Zeff + Zo 
(1.26) 
which results in 1.27 
(1.27) 
With the new form of the impedance minimum reflection or impedance match-
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ing condition can be restated as Z eff = Z 0 , and it depends on the slab material's 
properties and thickness. Calculated reflection plots for a few combinations of Ed 
and /-Ld are shown in Figure 1.5. Curves are plotted with respect to slab thickness 
normalized with the free space wavelength (.A0 = ). The calculations were made for · 
.A0 = 300 lliil which approximately corresponds to 1 THz. Transmissions in all of 
the cases ar€ zero due to conductive ground plane. Therefore, low reflection means 
high absorption. Figure 1.5a shows the results for regular dielectric materials with 
no magnetic response and a moderate loss tangent . Reflection dips becomes stronger 
as the slab thickness increases. Increasing the electric loss tangent a better perfor-
mance is attained around quarter wavelength thickness (Figure 1.5b). Similarly a 
magne_tic material with small real permeability and large imaginary part can achieve 
a large absorption. A quick conclusion would be it is not straight forward to create 
an absorber using regular dielectric materials. Besides, even with lossy materials , 
large absorption is not guaranteed since it depends on both real and imaginary parts 
of electric and magnetic constants at the same time. This is why a rigorous material 
research has been done and unusual materials like carbon coated animal hair has 
been tried [23]. This is also why more complex designs such as multiple layer slabs 
and pyramidal shapes are commonly used in microwave bands. 
At this point MMs emerge as a new approach to the problem. MMs have made 
it possible to create mediums with engineered impedance, which paved the way of 
MM based perfect absorbers (PA). Perfect absorption is made possible by minimizing 
the reflection of a metamaterial through maximized losses and accurate impedance 
matching. Having individual control over permittivity and permeability is a key 
factor to realize perfect absorption. By adding a thin layer of resonant MM elements 
on top of the dielectric slab as in Figure 1. 6, desired Zef f can be easily acquired 
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Figure 1.5: Calculated reflections as a function of slab thickness for different slab 
properties at lambda0 = 300 ]J.m: (a) Variable Er,d, tanoc = 0.01, f.Lr ,d = 1, (b) 
variable Er,d , tan 6€ = 1, f.Lr ,d = 1, (a) variable f.Lr ,d, Er,d = 1, tan OJL = 0.9, 
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Figure 1.6: A representative sketch of the MM absorber concept 
using common materials such as polyimide and gold. While reducing the design 
complexity, MMs also help reducing the total absorber thickness. 
Now let 's place SRRs on the dielectric slab and assume that we acquire an effective 
permittivity including t he thickness of the dielectric slab as in 1.16; so t hat we now 
have a MM slab on a conductive ground plane. If we don't excite the magnetic mode 
of the SRR, our new dielectric impedance becomes Zd(w) = ____l!:Q_ . For parameters 
~OcSRR 
taken from [17] (Ajw0 = 0.75, f = 0.3 , 1/w0 = 0.05) relative permittivity of the MM 
is calculated as in Figure 1.7a. Using our new Zd(w) the reflection from the MM 
absorber is found as in Figure 1. 7b for various slab thicknesses for w0 = 1 THz. 
Absorption reaches to a maximum for an optimized thickness of 50 ]J.m for a slab 
thickness less than quarter wavelength which proves our point for employing MMs in 
absorbers . We neglected any magnetic contribution to our treatment here , however, 
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Figure 1. 7: (a) SRR permittivity calculated based on 1.16. (b) Calculated reflection 
from a metal backed MM slab for various slab thicknesses for w0 = IT H z . 
usually a magnetic response can be also observed due to the cavity formed by MM 
resonator layer and the ground plane that works similar to cut-wire pairs [18, 19]. 
By using computer simulations, achieving a better absorption spectrum and thinner 
absorber designs are possible. As we showed here, MM PA behavior can be explained 
by effective medium theory where the whole thickness of the absorber is seen as one 
single material, while it is also possible to decompose each layer for the analysis [24]. 
Recently, resonant MM PAs have been experimentally demonstrated in vari-
ous bands of the EM spectrum with prominent examples in the microwave [25-27], 
THz [20, 28], infrared [29-c-31], and visible [32]. Another advantage of MMs for the 
electromagnetic absorber field will be dynamic modulation and tuning of the absorp-
tion allowing for PA based signal modulators and switches. Many modulation and 
tuning mechanisms have been proposed and applied to control both the strength 
and resonance frequency of a MM electromagnetic response including optical excita-
t ion [33- 35], mechanical actuation [36, 37], and ~lectrical control [9, 38]. 
Some dynamically tunable MM perfect absorber schemes have also been proposed 
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and demonstrated lately. In microwave frequencies it is rather easy to incorporate 
lumped elements into MMs for tuning. Using varactors or diodes in capacitive gaps 
of resonators it is possible to tune the absorption frequency and modulation depth 
in these frequencies [39, 40]. In the reference [41], vanadium oxide film is similarly 
incorporated into capacitive gaps and resonance strength modulation has been shown 
via thermally triggering insulator-metal transitions in the film. 
In the THz range a number of design and simulation results have been reported. 
The reference [42] proposes using mechanical actuation of cantilever beams to change 
the SRR capacitance. In the reference [33] , optical excitation of a semiconductor 
patch have been shown. One of the first experimental demonstrations has been 
made in which liquid crystal medium is used as a filling material around the MM 
resonator layer [43]. By applying an electric field on liquid crystal it is possible 
to change local refractive index which in turn shifts the resonance frequency of the 
resonator. Later, this model has been used to build a spatial light modulator [44] . 
Dynamic tuning becomes more challenging moving towards shorter wavelengths 
since physical dimensions shrink and conduction becomes weaker. A tunable perfect 
absorber in the midinfrared regime has been demonstrated [45]. In this work, authors 
used an electromechanical (MEMS) platform to vertically displace a membrane that 
is holding MM resonators. Thus, .the distance between t he MM layer and ground 
plane can be changed which effectively tunes the absorption strength. 
1.3 THz Region .and Metamaterials 
This thesis is concentrated on MM absorbers operating around 1 Terahertz (THz) 
frequency which corresponds to a wavelength around 300 p.m in free space. This re-
gion of the electromagnetic spectrum stays in between microwave and infrared/visible 
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bands. There are numerous efforts to reach this region from both sides. Operating 
in these frequencies can make electronic circuitries and wireless data transmission 
much faster while it can also help as an optical tool for imaging for security and 
health applications or for spectroscopic material study and detection. Magnetic re-
sponse and the metamaterial design paradigm, in general, are particularly important 
in the terahertz (THz) band due to the scarcity of magnetic materials [11] and the 
lack of devices such as switches, modulators or detectors in this region. In the last 
decade, we have witnessed an increased number of MM devices developed to fill 
this need [20, 21, 26, 33, 36- 38,46, 47]. This has been followed by creating dynam-
ically tunable MM devices by employing optical, mechanical, or electrical control 
methods [9 , 33- 38 ,48 , 49]. Finally, nonlinear MMs have drawn attention which have 
started in the microwave range and recently been demonstrated in THz and even 
higher frequencies [50- 55]. 
Microfabrication methods play a key role to build THz MMs with subwavelength 
features (i.e. rv2-100 pm) . Low conductivity materials such as semi-insulating GaAs, 
high resistance Si, sapphire, and polyimide can be used as dielectric materials; while, 
metals are good conductors in the THz region and metal films are used to create 
resonant inclusions. Although most metals would work, gold is usually preferred 
for its good conductivity and high chemical stability. Doped semiconductors, whose 
plasma frequency (wp) if! in the region of a few THz, are also available to create THz 
plasmonic MMs. 
1.4 Contributions of This Thesis 
Metamaterials in general and terahertz metamaterials in particular both underwent a 
big leap in the last decade. As these fields become more mature the focus is directed 
18 
(a) lnAs, 300K (b) GaAs, 300K 
<100> 
Split-off band 
Split-off band 
Figure 1.8: Energy band diagrams of (a) InAs and (b) GaAs. 1 THz corresponds 
to 4 me V which is smaller than most semiconductor bandgaps. 
more towards the practical applications as an outcome of the valuable findings [48]. 
In this regard, adding new functions to MMs gain importance and some examples 
has already started to emerge such as spatial light modulators, imagers, emitters , 
and photodetectors [44, 56-58]. 
New THz TDS systems, using high power pulsed lasers, also made an impact by 
enabling high field THz radiations. Thanks to these advancements, a new path was 
opened to study semiconductor nonlinearities since photon energies in this region are 
smaller than semiconductor bandgaps ( Figure 1.8) [59- 66]. 
In this thesis, we utilized these novelties to create and explore new functional 
metamaterials, and mostly focused on THz metamaterial absorbers. The main fea-
ture of these devices is that their optical properties are controllable again by optical 
means with the help of semiconducting materials. Briefly, in the following chapters 
we will introduce: 
Chapter 2: A THz metamaterial absorber whose absorbance can be dynamically 
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modulated using photoexcitation that is pumped by another optical beam at 800 nm 
wavelength, 
Chapter 3: A solely semiconductor THz metamaterial that is based on InAs particle 
surface plasmon resonators whose tranmittancejrefiectance is a function of the THz 
field strength (nonlinear response) , 
Chapter 4: Nonlinear THz perfect absorbers made out of InAs particle surface plas-
mon resonators optimized for two different applications: Saturable absorption, and 
optical limiting, 
Chapter 5: Substrate-free nonlinear THz metamaterials and absorbers which do not 
suffer from the substrate effects. 
Chapter 2 
An Optically Modulated Perfect Absorber 
Development of tunable, dynamic, and broad bandwidth metamaterial designs is a 
keystone objective for metamaterials research, necessary for the future viability of 
metamaterial optics and devices across the electromagnetic spectrum. Yet , over-
coming the inherently localized, narrow bandwidth, and static response of resonant 
metamaterials continues to be a challenging endeavor. Resonant perfect absorbers 
have flourished as one of the most promising metamaterial devices with applications 
ranging from power harvesting to terahertz imaging. In this chapter, an optically 
modulated resonant perfect absorber is presented [67]. Utilizing photo-excited free 
carriers in silicon pads placed in the capacitive gaps of split ring resonators, a dynam-
ically modulated perfect absorber is designed and fabricated to operate in reflection. 
Large modulation depth (38% and 91%) in two absorption bands (with 97% and 
92% peak absorption) is demonstrated, which correspond to the LC (0.7 THz) and 
dipole (1. 1 THz) modes of the split ring resonators. 
2.1 Design and Fabrication 
Our PA is composed of a planar split ring resonator (SRR) array above a conduc-
tive ground plane layer separated with a polyimide dielectric material (Figure 2.1a). 
Silicon islands whose conductivity can be tuned via photo-excitation are placed in 
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Figure 2.1: (a) Schematic representation of the fabricated tunable perfect absorber 
that consists of gold ground plane, polyimide spacer, and gold SRR array on top of 
sapphire substrate. Polyimide layer is 9 pm, gold film thicknesses are 150 nm, and 
sapphire substrate thickness is 500 p.m. (b) Optical microscope image of the unit 
cell of a fabricated device showing a SRR with photo-conductive silicon island in its 
capacitive gap. SRR ring is 45 p.m on a side, unit cell size is 60 ]J.m, SRR capacitive 
gap is 2 p.m, metal track line widths are 4 p.m, and the Si island is 15 ]Jill x 10 ]Jill. 
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the capacitive gaps of the SRRs and allow for optical control of the SRR resonance 
as discussed below (Figure 2.1a). 
The device has rv 10 llll active thickness on a 500 ]liD sapphire substrate. The 
fabrication process starts with a commercially available R-plane Silicon-on-Sapphire 
(SOS) wafer diced perpendicular to the projection of c-axis to minimize birefringence 
effects. The 600 nm thick, 0.01 .Ocm-1 silicon layer is patterned into 10 x 15 ]J.m2 
islands using reactive ion etching. Gold SRRs with L = 45 ]liD on a side, capacitive 
gap width g = 2 ]liD, line width w = 4 ]liD, 150 nm film thickness , and P = 60 
]J.m periodicity are deposited so that the Si islands lie in the SRR gaps. · For the 
deposition of gold SRRs, e-beam evaporation is used with the lift-off technique. The 
area of the SRR array is defined as 1cm2 . Then, a 9 ]liD polyimide (PI5878G, HD 
Microsystems) spacer layer is spin coated on the SRR array and cured at 275C 
for 5 hours in nitrogen environment. Finally, 150nm gold ground plane layer is 
deposited viae-beam evaporation to complete the PA geometry. See Figure 2.2 for 
the fabrication steps and Figure 2.3 for a sample microscope picture of a device after 
the deposition of gold SRR layer. 
The presence of the ground plane assures negligible transmission. Changes to 
the SRR dimensions and spacer thickness allow for specification of effective reso-
nant permittivity and permeability providing impedance matching that, with the 
transmission ~inimized, results in a large absorption [20, 68]. 
The effective permittivity arises from the SRRs fundamental resonance mode 
(the LC mode) that is due to SRRs self-inductance and gap capacitance. When 
the electric field of incident THz radiation is polarized perpendicular to the SRRs 
capacitive gap, the radiation will electrically couple to the SRRs and excite the LC 
resonant mode giving rise to the effective permittivity. Simulation results show this 
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Figure 2.2: Fabrication steps: (a) Bare silicon on sapphire (SOS) sample (b) Silicon 
layer is dry etched into islands, (c) Gold split ring resonator layer is deposited by 
lift-off method, (d) Polyimide layer is spin-coated, (d) Gold ground plane layer is 
deposited 
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Figure 2.3 : Optical microscope image of a sample after the gold SRR layer deposition 
coupling clearly as circulating currents around the SRR loops (Figure 2.4a). 
In the same vein, the magnetic field can couple to the device through the cavity 
formed between SRRs and t he ground plane, resulting in an effective permeability. 
Simulations show this coupling in opposing currents on SRR and the ground plane 
seen in Figure 2.4a and b , and in the magnetic field in the cavity (Figure 2.4c). 
The magnetic response depends mainly on the cavity length, or polyimide thickness 
since symmetric SRR only responds to the electric field. [47] However, the thickness 
of the polyimide may affect t he resonance frequency of the SRR due to fringing 
electric fields. Therefore, optimization is needed to achieve desired effective resonant 
permittivity and permeability. By equalizing the permittivity and permeability it is 
possible to match the effective impedance of the device to the free space impedance. 
This approach can be generalized for any dielectric medium other than free space. 
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Figure 2.4: (a) Simulated current distribution on the SRR at the fundamental LC 
resonance. (b) Simulated current distribution on the ground plane for the correspond-
ing phase and projected location of the SRR given at a. (c) Simulated magnetic field 
along the cross-section AA. 
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Figure 2.5: Simulated power flow and power loss maps of the absorber at the max-
imum absorption frequencies. The color gradient from blue to red represents low 
value to high value at each map. 
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The optimized device traps the incoming waves inside the cavity and most of the 
dissipation occurs in the silicon patch and the dielectric spacer (Figure 2.5) . 
The electric response of the SRR in t he LC mode strongly depends on the gap 
capacitance. By perturbing t he capacitance, it is possible to change this response 
significantly. By introducing photo-conductive silicon into the capacitive gaps, the 
conductivity of the gaps can be altered via photoexcitation. This, in turn, per-
turbs t he matched impedance, and increases the reflection giving rise to absorption 
modulation. 
2. 2 Results and Discussion 
We characterized our optically modulated PAusing optical pump THz probe (OPTP) 
t ime domain spectroscopy(TDS) (See Appendix A). A 35 fs, near infrared laser pulse 
with a center wavelength of 800 nm and a repetition rate of 1 kHz pumped the PA, 
optically excit ing free charge carriers in t he Si islands. A THz pulse polarized with 
the E-field perpendicular to the capacit ive gap of the SRR and incident at 45° probed 
the PA response in reflection. 
A 10 ps time delay between the optical pump and THz probe pulses ensures a near 
steady state accumulation of carriers in the Si islands since the lifetime of carriers [69] 
in Si is much longer than the THz pulse durations. To ensure a homogeneous pump 
excitation, the pump laser beam was kept as 1 em in diameter whereas the incident 
THz probe pulses were only 3 mm in diameter on 1 cm2 metamaterial array. 
The first generation PA presented here has t he ground plane on top and active 
device layer on the sapphire surface as shown in Figure 2.1. Therefore, THz light 
is sent on the PA through the low-loss sapphire substrate for the characterization. 
However, sapphire substrate reflects around 25% of the THz light directly from the 
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fust surface of incidence and this portion of the light cant reach the active device 
layer, which is not desired for the case of perfect absorption. In order to avoid this 
artifact, it is essential to fabricate substrate-free devices and this will be addressed 
in the next generation devices (See Chapter 5). It is still possible to eliminate the 
substrate effects for measuring the internal absorption performance of the device 
layer. This is realized through windowing pulsed excitation response and using a 
reference sample. An incident THz pulse on the sample results in various time-
delayed pulses at the detector due to the thick substrate. This includes the reflected 
pulses from the substrate surface and the subsequent etalon reflections. We used CST 
Microwave Studio to simulate this phenomenon using the input pulse acquired from 
the experiment. A unit cell of the metamaterial is defined with the real substrate 
thickness of 500 11m (see the Section 2.3 for the simulation details). A reference 
sample is also simulated that is composed of the substrate, polyimide and gold with 
the same thicknesses as the perfect absorber layers. The input pulse and simulated 
reflection pulses from the reference and the device are shown in Figure 2.6. The 
first pulse occurs due to the reflection from the first sapphire surface. It carries no 
information regarding the metamaterial absorber. Subsequent pulses occur due to 
etalon reflections. The second reflection is the first pulse that reflects from the perfect 
absorber and is indicated with the dashed red lines in Figure 2.6. Close-up versions 
of the windowed simulated pulses are given in the Figure 2. 7 with the corresponding 
experimental data. We take the Fourier Transform of this windowed time signal to 
acquire the spectral response and divide by the Fourier Transform of the windowed 
reference signal. This procedure normalizes the output spectrum with respect to the 
input spectrum and minimizes extra contributions due to air-sapphire and sapphire-
polyimide interfaces producing the internal reflection. Since the transmission through 
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Figure 2.6: Input pulse that is used to acquire the experimental data, and simulated 
responses for the input pulse showing etalon reflection pulse trains from the reference 
and the perfect absorber device for various Si free charge carrier densities. Red 
lines indicate the windowed portion of the pulse trains for the internal absorption 
measurements. 
the 150 nm thick gold ground plane is negligible, the absorbance spectrum of the 
PA, A, is computed from the internal reflection spectrum, Ereflection, as in (2.1). 
A= 1-JEreflectionl 2 (2.1) 
Experimental internal absorbance spectra vs. varying pump power for the meta-
material absorber are shown in Figure 2.8a. With no photoexcitation, (i.e. pump 
power= 0 mW -black curve) the absorber achieves a normalized peak absorbance 
of 97% at the design frequency of 0. 7 THz. As pumping power is increased the 
, 
peak absorbance monotonically decreases down to 60% for 200 m W pumping power. 
The net result is an optical modulation depth of 37% in absorbance at the design 
frequency of 0. 7 THz. The switching t ime for modulation is limited only by the Si 
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Figure 2. 7: (Left) Windowed second reflection pulses from the simulation results 
indicated with red dashed lines in Figure 2.6. (Right) Corresponding measured 
second reflection signals using THz time domain spectroscopy. 
carrier lifetime [69]. 
Apparent from Figure 2.8 results, there are absorption bands due to modes other 
than the fundamental resonance mode. These are dipolar resonance modes of the 
SRR structure. An absorption peak exists at 1.5 T Hz which doesnt strongly depend 
on the Si island conductivity. A third, broad absorption band arises near 1 THz, 
increasing in strength with increasing pump power. This behavior is clearly opposite 
to that of the absorption band at 0. 7 THz which decreases in strength with increasing 
pump fluence. This antagonistic behavior of the two bands can be clearly seen in 
Figure 2.8b. 
T he absorption at 1.1 THz changes from 1% to 92% for the optical pump power 
changing from 0 m W to 200 m W allowing for a modulation depth of 91% in absorp-
tion at 1.1 THz. 
The reasons for this antagonistically tunable multi-band response are not im-
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Figure 2.8: (a) OPTP TDS measurement results for the absorption spectrum of the 
fabricated device for various optical pump powers. (b) OPT P TDS measurement 
results showing the change in absorption intensity as a function of pump power at 
0. 7 and 1.1 T Hz. (c) Simulated absorption spectrum of the designed perfect absorber 
for various Si free charge carrier densities. (d) Simulation results showing the change 
in absorption intensity as a function of Silicon free charge carrier density at 0.68 and 
lTHz. 
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Figure 2.9: (a) Ground plane removed transmission model for the analysis of change 
in SRR characteristics (b) Simulated transmission curves for different level of Si 
free carrier densities and ultimately for a perfectly conducting patch in the SRRs 
capacitive gap 
mediately clear from the experimental results alone. We performed time domain 
simulations to elucidate the physical mechanism behind the multi-band behavior. 
The numerical results are presented in Figure 2.8c,d and show good agreement with 
the experimental measurements. In the simulations, we used a Drude response to 
model the Si islands with parameters taken from the available literature [69, 70] 
(effective mass- m eff = 0.26 mo (m0 = electron rest mass), permittivity at high 
frequency limit- E00 = 11.7, free carrier density- Nd = 0.1-6.5x1017 cm-3 , mobility-
For a Si carrier concentration of 1016 cm-3 no significant change in simulated 
absorption occurs in the frequency interval of interest (0.4 - 2 THz) Figure 2.8c,d. 
As the carrier density exceeds 1016 cm-3 , the absorption peak at 0. 7 THz broadens 
and weakens with a blueshift due to higher conductivity and lower permittivity, re-
spectively. In order to understand the broadband response around 1 THz we used a 
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Figure 2.10: Current distributions on a SRR at the specified points in the transmis-
sion curves in Figure 2.9(b) 
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simplified model where the ground plane of the PAis removed (Figure 2.9a). Since 
the modulation of the absorption derives from the changes made to SRR character-
istics, we simply looked for change in transmission in this simplified model as the Si 
conductivity changes (Figure 2.9b). From insulating case (Nd = 1016 cm-3 ) to perfect 
electric conduction (P.E.C.) case two transmission dips disappear and merge into one 
broader resonant dip. As evident from the current distributions in Figure 2.10, the 
dips at the insulating case correspond to LC (i) and dipolar (vii) modes whereas at 
the P.E.C. case a new dipolar response emerges (vi). Based on the absorption simu-
lation results presented in Figure 4, we estimate the highest free carrier level reached 
at the experiment is around Nd = 6.5x1017 cm-3 . The corresponding transmission 
curve in Figure 2.9b shows that this is a transition point between the insulating and 
P.E.C. cases where the oscillator strengths of the LC (ii) and dipolar modes (viii) de-
creased. They are also broadened mainly due to lossy Si patch and possibly partially 
increasing dipole-dipole interactions. Their merging tails form a l arge bandwidth 
in the interval of 1 THz and 1.5 THz. From absorption measurements it can be 
inferred that, around t hese frequencies with the optical pump, impedance matching 
condition is satisfied. As a consequence, broad resonance modes with overlapping 
tails manifest a broad absorption band. 
Another important performance parameter for an absorber is the absorption as a 
function of incidence angle. Angle dependence of a similar geometry has been exper-
imentally analyzed for direct incidence from air to PA in the reference [20], and it is 
known that SRR based perfect absorbers work at oblique angles with slightly reduced 
absorption which is more pronounced for TE polarized incidences. We accomplished 
the experiments at 45 degree due to the restrictions of the optical setup. To have 
an idea about our device, the change in absorption as a function of incidence an-
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Figure 2.1 1: Absorption spectra as a function of angle of incidence for two different 
polarizations and two different optical pump states. Having a large refractive index 
(n L 3) , the sapphire substrate constrains t he maximum angle of incidence on the 
PA layer as illustrated in the upper left sketch. 
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gle was simulated using CST MWS frequency domain solver with Floquet boundary 
conditions. Results are given in Figure 2.11 for TE and TM polarized light for two 
different optical pump conditions. Absorption spectra dont significantly change even 
at oblique angles and performance is better than expected for TE polarized waves 
based on t he intuition from t he reference [20] . The reason for this difference is the 
refractive effect of the sapphire substrate. Transferring from air to a high refractive 
index material (n > 3), refracted rays converge near to the normal. 
The PA presented here has limitations, t he most prominent of which is the partial 
reflection of the THz pulse from the sapphire substrate. This reflection acts to lower 
the maximum peak absorbance by rv 40% as t he radiation directly reflected by the 
substrate does not interact with the PA. However, these challenges are not without 
solutions. PA designs involving thinner substrates or even free standing MMs are 
possible with advanced fabrication techniques such ·as transfer patterning technique 
as we will show in Chapter 5 [71] . Also, t he polarization sensitivity of t he device 
can act as either a hindrance or benefit, depending on the application. However, 
the multitude of possible SRR variants allow for both polarization sensitivity and 
tuning of the SRR modes in frequency [47] . Optical modulation is known for its 
high frequency capabilities [72] and this result provides a foundation for future work 
and opens up a realm of possibilities for perfect absorber applications as switches, 
modulators, and detectors. 
2.3 Numerical Modeling Details 
We used a SOS wafer because of its convenience in fabrication for a proof of concept 
demonstration. However, as explained in the previous section, having a thick sap-
phire substrate brings disadvantages beyond increasing the device t hickness at least 
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a 
Port 
Figure 2.12: (a) The simulation layout for the device with thick substrate and ab-
sorber. A vacuum gap exists between the port and the substrate. (b) The simulation 
layout for the reference with thick substrate, polyimide and a gold layer. A vacuum 
gap exists between the port and the substrate. 
an order of magnitude of the active device thickness. Having the sapphire as the 
first surface of incidence, the device reflects around 25% of the THz light intensity 
from the first surface. While simulating our PA we followed the procedure as in 
the experiment to remove the effect of the sapphire substrate. We used a reference 
sample to reach the potential performance of the PA. 
CST Microwave Studio is used for full wave simulation of the device. A unit cell 
of the metamaterial is defined as in Figure 2.12. Boundary conditions are set so 
that the electric field component is aligned with the gap for the normally incident 
beam. Port is placed with a distance from the substrate to more realistically replicate 
the experimental results. We also simulated a reference sample which is composed 
of substrate, polyimide and gold which have the same thicknesses as the perfect 
absorber layers. 
The Drude model is used to simulate the behavior of silicon. We used the free 
carrier density and corresponding mobilities as in Table 2.1 to model photoexcitation 
effects. Calculated real parts of the Drude permittivity and conductivity for various 
free carrier density levels are given in Figure 2.13. 
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Table 2.1: Variables used to model Si under changing pump powers 
Corresponding Free carrier density Mobility 
pump power ( m W) (cm- 3 ) ( cm2V-1s-1 ) 
0 0.1 X 1017 1184 
15 0.5 X 1017 885 
50 1.5 X 1017 625 
100 3.5 X 1017 444 
200 6.5 X 1017 337 
a b 
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Figure 2.13: (a) Real and (b) imaginary parts of silicon permittivity according to 
Drude model for various free carrier density (Nd) and mobility () pairs with effective 
mass- meff = 0.26 mo , and permittivity at high frequency limit- E: 00 = 11.7 
Chapter 3 
Nonlinear Plasmonic Semiconductor 
Metamaterials in the THz Region 
· Collective excitations of a conductor's electron plasma at a dielectric boundary are 
called as surface plasmons (SP). These oscillations occur at frequencies close to con-
ductor's plasma frequency where imaginary part of its permittivity, or the dielectric 
loss , is low. SPs can propagate with strong confinement at the boundary and this 
is considered as a key phenomenon to realize data transmission inside future optical 
circuits. Therefore, exciting SPs using light carries high importance. Due to momen-
tum mismatch between SPs and freely propagating light, direct coupling of photons 
in a dielectric with SP is not possible and various ways have been suggested and 
demonstrated to match the momentums such as prism coupling, grating coupling, 
and near field coupling [73-75]. By limiting the conductor sheet in three dimensions 
(i.e. particles), localization of SPs is possible which we call as particle surface plas-
mons (PSP). Unlike propagating SPs, PSPs can be generated directly using freely 
propagating light, and they can be used to create plasmonic resonators for various 
applications. PSP resonators can be tailored to create metamaterials, chemical and 
biologic sensors, and platforms for enhanced spectroscopy. 
Nonlinear response hold an important place in the optical material research 
and MMs now constitute an important path toward utilizing material nonlineari-
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ties [76, 77]. The reason for this is nonlinearities are weak functions of electric (or 
magnetic) fields and their significance emerge at high fields which MMs can help 
by creating local field enhancements [49]. Since PSP response strictly depends on 
internal and external material properties, changes due to nonlinear effects in any of 
the constituting materials cause a large modulation in the resonance response. In 
the Thz regime, hybridization of semiconductors with metal metamaterials was one 
of the most prominent methods [50, 55]. 
It is also possible to use semiconductors solely to create subwavelength particles 
as THz PSP resonators. The resonance condition for a conductive particle placed 
in a dielectric medium we stated in Chapter 1, ci(w) = -2c-h, can be satisfied by 
a semiconductor with a plasma frequency in the order of a few THz. This is not 
possible with metals in this region of the spectrum since they have much larger plasma 
frequency and larger imaginary c. Therefore, metals don 't support THz electric 
fields, instead they form electric currents. Albeit to metals semiconductor properties 
are widely tunable and the plasma frequency can be tuned by ion implantation. 
Depending on the plasma frequency, or conductivity, the response of a semiconductor 
particle may be metal-like or plasmonic. These properties can be also dynamically 
tuned by several means such as optical, thermal, magnetic , electric, or nonlinear 
effects. In summary, it is possible to create actively tunable devices based on THz 
semiconductor metamaterials (SCMM). 
SCMMs have many advantages over hybrid MMs where semiconductors are in-
corporated with metals. In hybrid MMs, semiconductors are usually used to change 
the gap capacitance of metal split ring resonators which requires tight alignment and 
sharp lithographic resolution as we gave an example in the previous chapter. There-
fore , using semiconductors alone simplifies the fabrication steps. SCMMs are not 
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limited to designs based on capacitive gaps. They can acquire any geometric form 
(e.g. dimers, rings , coupled resonators etc.) depending on the application which 
increases the variety and flexibility of MM design. Moreover, having a larger active 
area (i.e. all resonator volume compared to capacitive gap volume of a split ring 
resonator) may be further useful for chemical sensing and enhanced spectroscopy 
applications. 
In this and later chapters , we will mostly focus on the nonlinear response of 
SCMM to high field THz light. 
3.1 Background 
Particle surface plasmon resonators have been widely studied in visible and in-
frared (IR) frequencies. However, in the terahertz (THz) frequencies , PSP resonators 
haven't been explored in depth due to the relatively high plasma frequencies of met-
als. Using semi-conductors with proper carrier densities and mobilities, PSP modes 
can be excited in the THz region. 
Plasmonic devices in visible and IR wavelengths using metal surfaces and particles 
have been demonstrated and various potential applications have been offered [73 , 78]. 
Propagating Surface Plasmon Polaritons in the THz range has also been shown 
in metal-dielectric [79-83] and semiconductor-dielectric surfaces [84-86]. Although 
some preliminary studies exist [87-89] particle surface plasmon (PSP) generation in 
the THz region has not been investigated in nearly as much detail. Using patterned 
semi-conductors with low plasma resonance frequencies, it is possible to excite PSPs 
in the THz range [74], as recently also demonstrated experimentally by the reference 
[90]. 
Optically responsive materials in THz frequencies have been enriched in the last 
41 
(a) -60 (b) 
-40 ~ 
/ 
' 
-20 
0 l 
20 , 
40 
60 
- 50 0 so 
Figure 3.1 : (a) Schematic view of a unit cell of InAs disk array on semi-insulating 
(SI) GaAs substrate. (b) Simulated charge distribution map of the unit cell at the 
resonance (axes show dimensions in 11m) 
decade thanks to metamaterials (MMs) [20 , 21, 26, 46, 47]. This has been followed 
by creating dynamically tunable MM devices by employing optical, mechanical , or 
electrical control methods [9 , 33- 38, 48, 49]. Finally, non-linear MMs have drawn 
attention starting in the microwave range and recently also been demonstrated in 
THz and higher frequencies [50- 55]. Many tunable and nonlinear THz MM systems 
incorporate semiconductors with metal THz MMs to enable dynamic tuning of the 
electromagnetic response [9 , 33-35, 38, 50]. It is also possible to use semiconductor 
particles solely as we explained in t he introduction of this chapter. Doped semi-
conductors support surface plasmons in the THz region due to their proper carrier 
density, mobility, and moderate permittivity and loss. In Figure 3.1, an example 
simulation result is shown for a disk shaped doped InAs (n-InAs) film on semi-
insulating GaAs (SI-GaAs) substrate. The charge distribution shows a dipolar mode 
shape due to plasmonic oscillations. 
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Near the plasma frequency the dielectric function of a semiconductor can be accu-
rately modeled using Drude Model as in (1.11) assuming there is no band transition 
around the spectrum of interest. By engineering the material variables one can de-
sign this dielectric function. For example, doping density can be controlled to reach a 
plasma frequency that is convenient for PSP resonance generation in the THz region. 
A parametric study of a semiconductor's dielectric function is given in Figure 3.2 for 
the parameters: carrier density, mobility, and effective mass . In Figure 3.2, for each 
plot group, only one parameter is altered disregarding the dependence to the other 
parameters. Thus, isolated effect of each parameter is extracted. 
Charge carrier density is a parameter that is easy to control via doping rate 
or it can be also tuned dynamically in numerous ways such as thermal or optical 
excitation. As the free electron density increases, the plasma frequency blue-shifts 
proportional to the square root of the doping density, and the material becomes 
more metallic. As seen in the first row of Figure 3.2, semiconductors with higher 
carrier concentration rates exercise a larger negative real and positive imaginary 
part. We know this from the expression of conductivity which is proportional to 
both carrier density and mobility. Thus, we can expect a similar dependency also 
for electron mobility. Indeed, electron mobility has a strong dependence on carrier 
concentration rate which can be approximated as an inverse linear relationship for 
InAs [91]. However, to have a better intuition we ignore this dependence and keeping 
the charge density constant, the expected changes in real and imaginary parts of the 
permittivity are shown in the second row of Figure 3.2 as a function of electron 
mobility. Plasma frequency is not a function of carrier mobility, however as seen in 
Figure 3.2 permittivity strongly depends on it. As we expected, electron mobility 
has an overall effect that is very similar to the case of carrier density except its effect 
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Figure 3.2: First two columns show individual effects of free carrier density, electron 
mobility, and effective electron mass on real and imaginary parts of the Drude re-
sponse. The rightmost column shows the simulated transmission spectrum around 
the first resonance mode of an InAs disk array on GaAs substrate. (Unless spec-
ified as a variable, parameters are fixed as c00 = 12.25,Nd = 1017cm-3 , f-l = 
2 x 104cm2V- 1s- 1 ), meff = 0.023m0 . For the transmission simulation, a square 
· lattice is used with disk diameter R ---:-- 90 ]J.m, periodicity P = 135 Jlm), InAs film 
thickness of 211m, and GaAs substrate was modeled with relative dielectric constant 
of 12.94 with a constant loss tangent of 0.006 at 10 GHz, and a thickness of 500]J.m 
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on the plasma frequency. Finally, effective mass of free electrons is investigated again 
omitting its relation with the other two parameters. Effective mass shows an inverse 
effect which is as it increases the material becomes less metallic. 
We simulated a SCMM composed of an InAs disk array for the individual effects 
of each parameter we studied for the dielectric function using CST Microwave Studio. 
A unit cell as illustrated in Figure 3.1(a), is investigated under normal incidence of 
light with linear polarization. Semi-insulating GaAs substrate was assumed to have a 
relative dielectric constant of 12.94 with a constant loss tangent of 0.006 at 10 GHz. 
The resonance behaviors are observed as in the third column of Figure 3.2. PSP 
resonance blue-shifts parallel to plasma frequency for increasing carrier densities. 
Oscillator strength al~o increases for higher densities assuming no other parameters 
changed. On the other hand, having no effect on the plasma frequency, mobility 
causes no significant shift in the resonance frequency, but it affects the oscillator 
strength. Among the three parameters, effective mass has the smallest impact on 
the oscillator strength, but larger masses redshifts the resonance frequency, again in 
parallel with the plasma frequency. 
3.2 Fabrication 
For realizing SCMMs, 2 p.m thick n-InAs film was grown via molecular beam epitaxy 
(MBE) with a Si doping concentration of 1017cm-:-3 on a 500 p.m thick semi-insulating 
SI-GaAs substrate. We used reactive ion etching to pattern the film with a gas mix-
ture of H2 :CH4 :Ar with 10:34:16 seem flow rates, 80 mTorr pressure, and 300 W RF 
power. In the first trials photoresist mask was used for ethcing. However, photoresist 
mask was not robust enough to stand large RF powers and a good selective etching 
could not be achieved. Moreover, H2 :CH4 mixture reacts in the chamber and forms 
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Figure 3.3: (a) Optical microscope and (b ,c) SEM images of an InAs disk array etched 
using a photoresist etchmask. Etching gasses mixed with the etching biproducts form 
a hardened polymer grass on the sample. (d) Side view of a dot with polymer grass 
on top. There is a clear line at the side of the disk which is the boundary between 
InAs and GaAs meaning some of GaAs was also etched during RIE. 
a hardened polymer on photoresist together with the InAs etching biproducts [92]. 
A sample picture of the ethced structures is shown in Figure 3.3. A black polymer 
grass is clearly visible on the disks . This polymer grass is chemically very strong and 
very hard to remove using 0 2 plasma or solvents such as acetone. 
Etching uniformity over the surface and keeping the disks defect-free are Im-
portant to reach the high mobility of carriers in InAs. Therefore, we substit uted 
photoresist mask with a metal mask which can stand long exposures of high RF 
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power plasma etching. A 100 nm thick Ti mask layer was patterned on the InAs film 
· using e-beam evaporation and lift-off technique. Then, InAs film on a 1 x 1 cm2 die 
was etched thoroughly using reactive ion etching with the same recipe above. The 
etching rate was around 50 nm/min and took around 40 mins to etch 2 pm film. 
After the etching of InAs, Ti mask was etched away in diluted HF solution. For the 
first demonstration, we patterned 40 11m diameter disks with 60 11m period. The 
fabrication process worked very well as shown in Figure 3.4. As seen in the figure , 
etching is uniform and InAs films came out with a clean surface. The side view also 
shows t hat side walls are close to vertical. 
3.3 Results and Discussion 
We measured the transmission and reflection spectra of the first generation SCMM 
shown in Figure 3.4 using THz TDS and observed PSP resonance slightly above 1 
THz. A bare SI-GaAs was used as a reference. The experimental results are shown in 
Figure 3.5 together with t he simulation results. The agreement between t he two data 
is quite well. For the simulation we used Drude model parameters based on reported 
values in the literature (Nd · 1017 cm-3 , 1-l = 104cm2V-1s-1 , c00 = 12.25 [91], and 
meff = 0.023mo) [93 , 94]. 
The oscillator strength of t his resonance can be . nonlinearly modulated since n-
type semiconductors exposed to high field THz radiations exercise non-linear scat-
tering/ absorption behavior due to ballistic transport of conduction band electrons 
and intervalley scattering [59- 61, 64- 66]. We demonstrated this nonlinear oscillator 
strength modulation with a second generation SCMM design. 
In the second generation SCMM, we slightly modified t he design and used honey 
comb symmetric lattice to increase the particle fill fraction and to reduce polarization 
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Figure 3.4: (a) Optical microscope and (b) SEM images of an InAs disk array on SI-
GaAs etched using Ti etch mask (c) SEM image of side view of an InAs disk also 
showing the thin Ti mask on top of it 
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Figure 3.5: Measured and simulated transmission and reflection curves for InAs disk 
array. 
dependence due to symmetry. A SCMM composed of 70 11m diameter n-InAs disks 
with 100 11m lattice periodicity was fabricated as shown in Figure 3.6. High field THz 
time domain spectroscopy (TDS) was used to observe nonlinearities in the SCMM 
behavior. The setup makes use of the tilted-pulse-front technique to generate THz 
pulses from LiNb03 crystal [50, 62, 95, 96] (See Appendix B). The maximum electric 
field strength of the THz pulses we used was about 300 k V /em. Tranmission mea-
surements were conducted at normal incidence with linearly polarized THz pulses. 
We collected the time data for changing field strengths as in Figure 3.7a. As we 
mentioned earlier, n-type semiconductors show a saturable absorption at high field 
strengths. SI-GaAs is usually a very good window in the T Hz range, however, at high 
THz electric fields this may degrade due to impact ionization [50, 97]. This means 
SI-GaAs substrate may have an increasing absorption rate at higher field strengths. 
To isolate such effects from the n-InAs SCMM response, we used a bare SI-GaAs 
sample as a reference. Sample time domain readouts for the reference are illustrated 
in Figure 3.7b. 
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Figure 3.6: (a) Schemat ic view of InAs disk array on semi-insulating GaAs (b ,c) 
SEM images of the fabricated InAs disk array (InAs film thickness: 2 pm, SI-GaAs 
substrate thickness: 500 pm, disk diameter: 70 p.m, periodicity: 100 p.m) (d) Side 
view of a disk structure 
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Figure 3.7: (a) Schematic view of lnAs disk array on semi-insulating GaAs (b) SEM 
image of the fabricated InAs disk array (InAs film thickness: 2 ]liD, SI-GaAs substrate 
thickness: 500 ]liD, disk diameter: 70 ]liD, periodicity: 100 Jlm) 
By taking Fourier Transforms of each curve in Figure 3. 7a and normalizing with 
the Fourier Transforms of t he corresponding curves in Figure 3. 7b, we calculated 
transmission spectra as in Figure 3.8a. The new design shows a resonant t ransmission 
dip at 0. 78 THz arising from the oscillations of the conduction band electrons in 
the n-InAs disks. At higher THz field strengths, the nonlinear absorption in n-InAs 
manifests a large dynamic modulation of t he oscillator strength. The field modulation 
at t he highest field at 0. 78 THz is around 38% which corresponds to 41 % intensity 
(<X JEJ2 ) modulation. Figure 3.8b shows the change in transmission as a function of 
field strength at the resonance frequency of 0. 78 THz. 
Principally, as the peak field strength of the THz radiation increases, energized 
free carriers experience a higher scattering rate, which in turn, quenches t he oscillator 
strength of t he SCMM. To show that , we modeled the SCMM using CST Microwave 
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Figure 3.8: (a) Measured transmission of InAs disk array for various THz field 
strengths (b) Measured change in transmission as a function of field strength at the 
resonance frequency of 0. 78 THz (c) Simulated transmission of InAs disk array as a 
function of InAs mobility with Nd = 1017cm-3 , 1-L = 3.5 x 103 -1.9 x 104cm 2V- 1s-1 , 
E00 = 12.25, and meff = 0.023mo. Inset shows the charge distribution at the res-
onance (d) Simulated change in transmission as a function of InAs mobility at the 
resonance frequency of 0.8 THz 
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Studio where Drude model is assigned to the InAs film (Nd = 1017 cm- 3 , f-L = 3.5 x 
103 - 1.9 x 104cm2V- 1s-l, c00 = 12.25, and meff = 0.023m0). In agreement with 
the experiments, the resonance response around 0. 77 THz was observed and it was 
revealed as a dipolar resonating mode of the disk structure. To verify the effect of the 
high field on the scattering rate, we decreased the free electron mobility (effectively 
increased the scattering rate) and showed the quenching in the oscillator strength 
in accordance with the experiment (Figure 3.8c,d). In the experimental data, there 
is also a slight shift in the resonance frequency. This is explained as a result of 
plasma frequency shift arising from the higher effective mass of electrons energized 
to nonparabolic higher energy levels of r-valley and scattered to 1-valley. This effect 
was also simulated by increasing effective mass (meff = 0.035) in the Drude model 
as shown with the dashed lines in Figure 3.8c. 
Based on the mobility values used in the simulations, the Drude permittivity 
curves of InAs can be calculated from (1.4). The resulting real and imaginary per-
mittivity curves are shown in Figure 3. 9 (a) and (b), respectively. With a unit cell 
structure smaller than the resonance wavelength, the SCMM can be represented by 
effective material properties that deviate from the bulk properties of n-InAs and 
SI-GaAs. The effective parameters of the SCMM are extracted proceeding from the 
simulation results for a cubic unit cell with 100 pm side width [17]. To remove 
the effects of extra internal reflections from the substrate, instead of substrate we 
used an effective homogeneous medium surrounding the SCMM. Since 500 pm thick 
substrate is much longer than the near field lines extending into the substrate it 
can be considered as an infinite medium below the SCMM. Therefore, the contri-
bution of free space and GaAs substrate are equal on the SCMM response. The 
two medium's effective permittivity can be calculated by ( EGaAs + c fr eespace) /2 based 
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Figure 3.9: (a) Real and (b) imaginary parts of calculated Drude permittivity of 
InAs, (c) real and (d) imaginary parts of extracted effective permeability of InAs 
disks as a function of mobility. 
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on the MaxwellGarnett approximation. Thus all transmission and reflection will be 
from the SCMM response and not due to air/GaAs boundary. Extracted parameters 
for various mobilities are shown in Figure 3.9c,d which show large deviations from 
standard Drude response. 
In effect , this is a resonant THz MM with an engineered response and being made 
out of semiconductors gains vast opportunities for dynamic tuning and nonlinear 
response. This has great importance towards realizing many exotic nonlinear devices. 
With quite large nonlinear modulation range and a simple structure, InAs disk arrays 
can find many applications such as high speed dynamic modulators, optical limiters , 
or saturable absorbers as we will demonstrate some examples in the next chapters. 
Chapter 4 
Nonlinear THz Absorbers 
Nonlinear absorbers (i.e. saturable absorbers and optical limiters) are widely used 
in optical and infrared frequencies for several applications such as ultrafast optics , 
mode locking, or sensor/eye protection [98,99] and semiconductors have been ut ilized 
in some of those applications which may exhibit nonlinear absorption due to one or 
combination of several effects such as two/multi photon absorption, two-level elec-
tronic transitions , free carrier generation, and carrier scattering [66, 98- 104]. Along 
with the recent developments in the THz source/ detector technologies , part icularly 
THz lasers , there is an emerging need for THz nonlinear absorbers. Indeed, semi-
conductors also allow nonlinear absorption of THz light in both ways (i. e. saturable 
absorption and optical limiting) due to carrier scattering, carrier multiplication, and 
free carrier absorption [105- 107]. However , using a bare semiconductor usually re-
quires several wavelength thick slabs to reach practical absorption levels. This prob-
lem has been well addressed by MM absorbers that can reach near-unity absorpt ion 
levels within subwavelength thicknesses by engineering the effective parameters for 
impedance matching [20, 26-32,67, 68]. 
Employing the nonlinear response of semiconductors in MM absorbers , it is pos-
sible to create nonlinear MM THz absorbers with a subwavelength thickness . MM 
approach also brings further control over t he absorption strength, frequency, and 
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Ground plane 
SI-GaAs 
Figure 4.1: Schematic view of a PSP based perfect absorber design with the layers 
of semi-intrinsic GaAs substrate, n-InAs disk array, polyimide spacer, and metal 
ground plane 
modulation depth. Here, we have a different approach and rather than using semi-
conductors as the absorption medium or incorporating them with metal MMs , we 
employ SCMMs to create nonlinear MM absorbers. Thus, nonlinearities introduced 
by the semiconductor can be direclty utilized .to create saturable absorbers and op-
t ical limiters. This tailoring of the nonlinear behavior is possible by just changing 
the device geometry which will be explained in this chapter by two example devices . 
4 .1 D e sign and Fabrication 
Using the geometry shown in Figure 4.1, n-InAs disk array based perfect absorbers 
were designed and optimized for two applications, namely saturable absorption and 
optical limiting. A time domain simulation procedure similar to the one explained 
in Chapter 2 was performed. InAs was modeled with Drude parameters of Nd = 
1017 cm- 3 , p, = 2 x 104 cm2V- 1s-1 , € 00 = 12.25, and m eff = 0.023m0 . 2 pm thick 
- ------ ----- ----- ----- ------ -- - - -----
(a) 
(b) 
(c) 
(d) 
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Figure 4.2: Simulated SCMM perfect absorber for a normal plane wave incidence at 
the absorption peak frequency. (a) Top view of the electric field amplitude map at 
the boundary of InAs disk and GaAs substrate. Crossection views at the plane of 
the InAs disk center for (b) electric field amplitude, (c) magnetic field amplitude, 
and (d) power flow 
InAs disks with 35 Jlm radius were used as dipole resonators. A hexagonal symme-
try with 90 ]liD periodicity was used to decrease polarization dependence. GaAs was 
modeled with a constant relative dielectric of 12.94 and a loss tangent of 0.006 at 
10 GHz. For the dielectric spacer, polyimide was used with the first order Debye 
model based on measured dielectric function (static permittivity is c8 = 5.3, high 
frequency permittivity is c00 = 3.26, and relaxation time is T = 1.8 x 10-12 s.) The 
geometry was simulated in CST Microwave Studio and the polyimide thickness was 
optimized as 18 Jlm and 40 Jlm for saturable absorber and optical limiter, respec-
tively. Figure 4.2 shows simulation results for the saturable absorber case around 
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(a) 
Figure 4.3: (a) Optical microscope image showing n-InAs disk arrays etched with 
RIE on SI-GaAs substrate. Disk diameters are around 70 pm and center to center 
distance between the disks is 90 )liD (b) General view of complete perfect absorber 
with polyimide coating and gold deposition on the disk array 
the resonance frequency of 0.5 THz. From the figure, we see strong electric fields at 
the edges of the disks and strong magnetic field inside the cavity. Power flow shows 
incident energy arrives to the absorber and becomes trapped inside the dielectric 
spacer without reflection from the surface. 
The device was fabricated first by deposition of a 100 nm thick titanium mask 
that is patterned using lift-off technique. Then, the disk resonators were defined by 
reactive ion etching of MBE-grown n-InAs film on SI-GaAs substrate. After removal 
of the metal mask in 1:10 diluted HF solution, a polyimide (PI 5878G) layer was 
spin coated and baked on a hot plate at 135°C. This process was repeated a few 
t imes based on the desired final thickness and spin rate. Polyimide spin coating was 
followed by the curing at 275°C in N2 gas for 5 hours. The cured thickness of the 
polyimide becomes smaller than the uncured thickness . Therefore, the spin coating 
process should be optimized based on the final cured thickness. The device was 
finished by electron beam deposition of the ground plane which is composed of 10 nm 
of titanium adhesion layer and 150 nm gold layer. Sample fabricated device pictures 
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Figure 4.4: (a) Schematic representation of the cavity reflections (b) Simulated inci-
dent pulse and reflected pulse train represented in (a) 
are shown in Figure 4.3. The picture in Figure 4.3a was taken before polyimide 
coating and Figure 4.3b was taken after polyimide and ground plane depositions . 
4 .2 R esults and Discussion 
Since there is no transmission due to the ground plane, only the reflection from the 
absorbers were measured using a high field THz TDS in the reflection mode where 
THz beam was sent onto sample with normal incidence (See Apprendix B). Similar 
to the absorber design in Chapter 2, the t ime response of the absorber to a THz 
pulse is a pulse trai:ri due to the internal reflections in the SI-GaAs substrate, and 
the first reflected pulse is directly from the substrate. This is shown schematically 
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Figure 4.5: Collected time signals with THz TDS for incident pulses with various 
field strengths. Left and right columns show the relative and normalized scales for 
each measurement, relatively. Dotted black is the reference scan and solid blue is 
the sample scan. Time offset between signals is added for illustration purpose. 
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m Figure 4.4a and a representative simulation result showing the reflected pulse 
train is given in Figure 4.4b. To measure the absorption of the SCMM absorber , we 
windowed the second reflection pulse. This corresponds to the fust reflection from 
the device layer. We also used a reference sample composed of SI-GaAs substrate, 
polyimide spacer and the ground plane, and acquired the second reflection pulse 
from this reference in the same manner. Comparing collected second reflection pulses 
from the device and the reference, contribution from the substrate was minimized. 
We followed the same procedure with the experiment in the time domain full wave 
simulations. 
Windowed measurements for the saturable absorber are given in Figure 4.5. In 
this figure, the left column signals are kept at the relative amplitude with respect to 
each other. On the right column all the signals were normalized to the same scale 
for visibility purposes. As can be immediately seen from the time response, absorber 
(blue curve) scan becomes less oscillatory and resembles to the reference scan (black 
curve) as the field strength increases meaning it becomes more transparent. 
Fourier Transformed measurement and simulation results are shown in Figure 4.6 
for the two types of absorbers. Absorbance for each case is calculated by subtracting 
reflectance from unity assuming the transmission is negligible due to the ground 
plane (A= 1 - 1Ereflectionl 2 ). The first type is designed to maximize the absorption 
at low field strengths which is the high carrier mobility regime of n-InAs. The 
absorbance was measured as 97.5 % for low field incidence at the peak frequency 
of 0.5 THz. Due to free carrier scattering, it monotonically decreases as the field 
strength increases and reaches to 49% for the highest field strength of our setup (See 
the inset of Figure 4.6a). 
The second type of absorber is optimized for higher field strengths where electron 
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Figure 4.6: THz TDS measurements results for (a) saturable absorber with 18 }lm 
thick polyimide layer, and (b) optical limiter with 40 Jlm thick polyimide layer. Insets 
show the absorbance·trend as a funct ion of field strength at the frequencies indicated 
by the dashed lines. Corresponding simulated absorbance spectra for (c) saturable 
absorber, and (b) optical limiter, respectively. 
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Table 4.1: Variables used to model InAs under changing THz field strength 
Corresp. Field Saturable Absorber Optical Limiter 
Strength (Typel) (Type2) 
( x E 0 ) Mobility Effective Mobility Effective 
( cm2V- 1s- 1 ) mass (xm0 ) (cm2V-1s- 1 ) mass (xm0 ) 
100% 5.0 X 103 0.1 3.5 X 103 0.08 
70% 8.0 X 103 0.065 5.0 X 103 0.07 
50% 13.0 X 103 0.048 10.0 X 103 0.035 
30% 17.5 X 103 0.03 15.5 X 103 0.03 
20% 18.5 X 103 0.023 19.0 X 103 0.023 
mobility is lower. This requires a thicker polyimide spacer layer of 40 p.m compared 
to 18 p.m for saturable absorber. This is still thinner than a quarter wavelength at 
the peak absorption frequency (e.g. 163 p.m in free space and 45 p.m in GaAs for 
0.46 THz). As shown in Figure 4.6, the absorbance at 0.46 THz goes up from 80% to 
99% for 20% and 50% THz field strengths, respectively. It increases again for higher 
fields as saturation dominates (See the inset of Figure 4.6b). As another consequence 
of using a thicker spacer layer, we observed broad band absorption. This is mainly 
because of a second absorption mode arising around 1 THz whose tail merges wit h 
the fundamental absorption mode. 
The nonlinear behaviors of the devices were again modeled using the Drude re-
sponse of n-InAs where the mobility and the effective electron mass ofn-InAs are used 
as variable parameters (Table 4.1, Figure 4.6c, d ). Overall trends in the simulated 
absorbance are in good agreement with the measurements. The origin of the differ-
ences in resonance shapes and quality factors between measurements and simulations 
are not directly clear to us, but it may include several reasons such as addit ional cav-
ity resonances in the measurement setup , omitted dynamical response of the system 
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Figure 4. 7: Measured time domain signals for both Type I and Type II devices for 
each field strengths 
to changing field strength of the pulse in t he modeling, and also assumption of a uni-
form beam profile over t he sample in the simulated model. Nonlinearities in GaAs 
and the effect of enhanced field over n-InAs and SI-GaAs are also not included in 
the model. 
As pointed out at the beginning of this chapter, n-type semiconductors are natu-
rally saturable absorbers. A signature of the saturable absorbers is the pulse short-
ening that arises due to varying absorption of different parts of a pulse. Namely, the 
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pulse front is absorbed more than the pulse peak because of their respective field 
strengths. For example, a 400 p.m n-type GaAs has been reported to cause down 
to rv 80% pulse shortening in a THz pulse with 300 kV /em peak field [105]. We 
measured the pulsewidths of the output signals of our SCMM absorbers to observe 
pulse shortening amounts. Measured time domain signals for various input pulses are 
given in Figure 4.7. From the time domain measurements, the shortening is not im-
mediately obvious. We calculated the Hilbert Transforms of these pulses to find the 
envelope signals. These transforms are shown in the first two rows of the Figure 4.8 
for sample and reference outputs of both device measurements. Then, we compared 
the full width at half maximum values of sample and reference measurements for 
each field strength and device type as illustrated in by the plots in the last row of 
Figure 4.8. The first type saturable absorber produces nearly no shortening of the 
pulse. This can be attributed to its narrow band frequency response. The second 
type absorber was designed as an optical limiter, however it also shows absorption 
saturation when the field strength exceeds 50% field strength. Moreover, the second 
type device has a much larger bandwidth compared to the first one. As a result 
of the saturation and large bandwidth, we observed a significant amount of pulse 
shortening at this device which takes a value between 55% and 70%. We should once 
more note that the active thickness of this device (without the substrate) is only 40 
p.m that can be compared with the GaAs slab example given above. 
In this chapter we showed proof of concept devices for the metamaterial approach 
of creating nonlinear absorbers using semiconductors. As evident from the two de-
vices introduced in this chapter, the absorption can be tamed by only changing a 
geometric factor of the device (dielectric spacer thickness in this case). These type of 
nonlinear absorbers have various useful applications particularly in ultrafast optics 
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more specifically in mode locking and Q-switching. The device performances may be 
further improved via more rigorous optimization. Moreover, a true perfect absorber 
can be created by removing the SI-GaAs substrate, or the modulation depth of the 
optical limiter can be enhanced using alternative geometries as we will address in 
the next chapter. 
Chapter 5 
Substrate-Free Semiconductor 
Metamaterials 
One of the main problems with SCMM devices is the substrate effects as we have also 
discussed in the previous chapters. Most applications, including the transmissive 
devices and perfect absorbers , suffer from thick substrates which may introduce 
undesired losses and cavity resonances. Also , some of the substrates may be sensitive 
to physical changes in the medium and deteriorate the main tunability function. 
Recent advances in transfer printing successfully address this problem to replace 
thick and solid substrates with thin and flexible ones with the help of a sacrificial 
layer grown beneath the semiconductor film [71]. Using this technique, · we present 
initial examples of substrate-free SCMMs by employing n-InAs film grown on AlAsSb 
sacrificial layer on SI-GaAs substrate as depicted by the graphic in Figure 5.1. 
Figure 5.1: Representative sketch of the InAs metamaterials on polyimide substrate 
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(a) (b) 
Figure 5.2: (a) Optical microscope and (b) SEM images of an anisotropically wet 
etched InAs disk array. Disk diameters are approximately 70 Jlm. 
5.1 Design and Fabrication 
For the sample fabrication, 2 Jlm thick n-doped InAs was MBE grown on a 500 nm 
AllnSb sacrificial layer on thick semi-insulating GaAs substrate. Having a sacrificial 
layer makes using metal masks not very feasible. AllnSb is a very active compound 
and usually reacts with the etchants very fast. For example, using Ti mask is not pos-
sible with this type of a materi8.1 because HF attacks on AllnSb much faster than Ti. 
Therefore, we used wet etching with photoresist mask to pattern the film. InAs film 
was etched into a disk array with a honeycomb symmetry in Citric Acid/H20 2 solu-
tion down to the sacrificial layer. The disadvantage of this method over RIE is that 
the etching is anisotropic with respect to the crystal lattice orientation. Therefore 
disks acquire slightly oval shape after etching and in one orientation walls become 
angled while in the orthogonal orientation they are vertical. Top and side views of 
wet etched disks can be seen in Figure 5.2. Oval shape and angled side walls are 
clearly visible in the pictures. 
The photoresist layers on top of the disks were stripped off from the surface using 
acetone. For the transfer printing a polyimide layer (PI 5878G) was spin-coated and 
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Figure 5.3: SEM images of samples with failed transfer (a) Broken middle parts on 
the substrate (b) Close up view of the broken edge (c) Peeled-off polyimide with 
broken edge pieces ( d)Peeled-off polyimide with etch holes and broken edge pieces 
cured. In a group of samples, etcholes around the disks were formed to synchronous 
and faster etching over the surface. The samples were dipped into into 5% HF bath 
and the polyimide was peeled off from t he substrate. However, even at long etching 
times (5-6 hours), the transfer of the disks was not very successful. In several trials , 
we observed that parts around the disk perimeters were being transferred while 
the middle parts staying intact on the substrate as shown in Figure 5.3. Having 
etch holes around· the disks to increase t he etching rate also did not perform better 
(Figure 5.3d) . 
There may be several reasons for the transfer failure. One reason may be that 
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Figure 5.4: Schematic picture of etching and peeling off process of (a) a disk structure 
(b) a ring structure 
t he volume under the disks are so small that at some point the diffusion of etchant 
and biproducts may slow down too much. A second reason may be the accumulating 
stress on the disks due to polyimide. After the polyimide is cured at 275C and cooled 
down to room temperature it builds up a tensile stress which can be in the order of 
several tens of megapascals. As the polyimide is peeled off from the substrate this 
stress is released and the polyimide sheet curls up. Delamination of polyimide may 
occur at different times in different locations of a sample. During this delamination 
released stress on polyimide also apply a bending moment on the disks while they are 
still intact with the sacrificial layer. This bending moment increases as the sacrificial 
layer is etched from perimeter to center of the disks and can result in breaking of the 
disks if t he stress exceeds t he fracture stress. To address these problems we proposed 
a new SCMM design composed of ring arrays where inner hole of the rings can be 
used as etching holes (Figure 5.4). This decreases the volume of sacrificial layer that 
needs to be etched and also keeps the stress on the InAs parts lower. 
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Table 5.1: The Youngs's modulus, E , and the Poisson's ratio, v, values uesd model 
InAs and polyimide in COMSOL simulations 
E (GPa) v 
· InAs 51 0.35 
Polyimide 2.3 0.35 
For the two designs, we compared the change in stress as a function of etching 
depth under the particles using COMSOL finite element analysis software. A single 
unit of the MM array has been simulated using the material properties in Table 5.1 
[108, 109]. The unit consists of a InAs disk/ring with a radius of 30 Jlm, and a 
square polyimide slab capping the disk/ring with 72.3 Jlm side length and 25 Jlm 
height . The whole structure is fixed from two locations which are a variable portion 
of the disk/ring (based on the etching amount), and one of the sides of the polyimide 
slab on the x-axis. On the opposite side of the slab, a sum of static and gradient 
compressive stresses was applied in the typical range which linearly changes between 
27 MPa and 30 MPa across the height to model shrinking and curving [110, 111]. 
The other two sides of the slab on the y-axis was constrained to move only in x and 
z directions to account for neighbor units. So, we assumed peeling occurs only from 
one side of the polyimide. We repeated the simulation for different etching amounts. 
A few example snapshots of the simulation with the stress distribution maps are 
shown in Figure 5.5 and the change in maximum stress is plotted for t he two cases 
in Figure 5.6. As the plot suggests, using ring structure helps maintaining the stress 
level nearly constant and at a minimal level while the stress in the disk structure 
first increases monotonically and then it jumps to a very high value towards the end 
of etching process. 
It should be noted that InAs is a fragile compound. We could not find a study 
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Figure 5.6: Simulated maximum stress as a function of normalized etching amount. 1 
in the etching amount means the disk/ring is completely released from the substrate. 
on fracture stress of InAs, however we can roughly estimate it by comparing it to 
Si. Fracture stress for a crystal can be roughly modelled using Griffith's theory 
(5 .1) [112]. 
a frac = {JJJ;;; y;:;:; (5.1) 
where E is the Young's modulus, 1 is the surface energy, and r0 is the interatomic 
distance at the equilibrium, which are 73 GPa, 0.7 Jm-2 , and 0.26 nm, respectively 
for InAs [113- 115]. For Silicon the corresponding parameter values in order are 150 
GPa, 1.24 Jm-2 , and 0.2337 nm. 5.1 gives 8 GPa and 16 GPa for InAs and Si , 
respectively. In practice Si is reported to have a maximum fracture stress around 7 
GPa [116]. Assuming the error factors are similar for InAs we can guess a maximum 
fracture stress in the range of 3-4 GPa. Therefore , it is preferential to keep a low 
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stress approach for practical reasons. 
To realize an SCMM composed of ring structures the fabrication method has been 
modified. After InAs was etched in citric acid, exposed area of the sacrificial layer 
was also etched using 5% HF solution keeping this layer under the disks , only. The 
polyimide layer was spin-coated and cured. Then, a patterned Ti layer was deposited 
on polyimide using lift-off technique as an etching mask for the inner holes. Etch 
holes were formed by first RIE of polyimide in 0 2 plasma and wet etching of InAs 
again using citric acid and hydrogen peroxide solution. Thus, the disks acquired 
a ring shape. To complete the transfer of InAs rings to polyimide, sacrificial layer 
underneath the rings was etched in 5% HF bath. After 2 hours of etching the 
polyimide was peeled off from the GaAs substrate successfully without breaking 
InAs particles. A final citric acid dip was made to remove compound residues from 
the surface. HF bath removed the Ti mask layer also, so that the sample became 
semi-transparent. The flexible sample and close-up views of the rings are shown in 
Figure 5. 7. The sample was designed to have rings with outer diameter of 56 pm 
and inner diameter of 20 pm with a hexagonal periodicity of 68 p.m. 5 p.m thick 
polyimide layer was used. Due to anisotropic etching and undercut, the fabricated 
rings came out with a long axis diameter of 55 p.m and a short axis diameter of 51 
p.m. 
A second sample has been designed and fabricated as a substrate-free SCMM 
saturable absorber. The only modification in the fabrication procedure has been 
made in the metal mask layer for the etch holes. We used Cr/ Au/Ti layers as the 
etch mask where Cr/ Au layers stayed intact after the HF bath and served as the 
ground plane. The fabrication procedure is shown schematically in Figure 5.8. For 
this design, outer and inner diameters were defined as 60 p.m and 28 p.m and a 
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Figure 5. 7: (a) Fabricated flexible sample. Microscope images of the transferred 
InAs ring structures from the (b) polyimide side and (c) InAs side. (d) The detailed 
dimensions of the SCMM 
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Figure 5.8: (a) Representative sketch of the flexible semiconductor based metamate-
rial absorber and the fabrication steps: (b )MBE grown n-InAs on AllnSb sacrificial 
layer on semi intrinsic GaAs, (c) wet etching of InAs, (d) wet etching of sacrificial 
AllnSb, (e) polyimide spin coating and curing, (f) Metal ground plane and etch mask 
deposition, and RIE etching of polyimide, and wet etching of device and sacrificial 
layers, (g) peeling off the polyimide 
periodicity of 72.7 }lm was used. The polyimide thickness was measured using a 
digital caliper as 25 11m after curing. Cr/ Au layer thicknesses were 10/150 nm. The 
flexible sample and close-up views of the rings are shown in Figure 5.9. The fabricated 
rings came out with a long axis diameter of 63 }lm and a short axis diameter of 60 
11m. The inner hol~ had long axis of 32 11m and short axis of 30 }lm. 
5.2 Results and Discussion 
For the first sample we only conducted transmission measurements using a low field 
THz TDS setup. measurements were conducted with two different polarizations 
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Figure 5.9: (a) Microscope image of the fabricated flexible absorber (b) Close-up 
image of the rings . Rings have a long axis diameter of 63 Jlm and a short axis 
diameter of 60 Jlm. The inner holes have diameters of long axis of 32 Jlm and short 
axis of 30 Jlm. The honeycomb pattern has a periodicity of 72.7 Jlm. 
(Figure 5.10). We observed resonant transmission dips. The resonance frequencies 
were found as 1.3THz and 1.4THz for the electric field polarization aligned with 
long axis and short axis, respectively. We simulated the SCMM in CST MWS. The 
resulting simulation curves are also given in (Figure 5.10 represented with dashed 
lines. For the best fit of simulations , InAs was modeled with the following Drude 
response parameters: Nd = 1017 cm- 3 , p, = 1.4 x 104 cm2V-1s- I, c00 = 12.25 , 
and meff = 0.023mo). Electric field maps of two resonance dips at two orthogonal 
polarizations are illustrated in Figure 5.1 1. 
For the substrate-free SCMM saturable absorber, high field THz TDS measure-
ments were conducted in reflection mode. As explained earlier in this chapter, due 
to our fabrication procedure we used ring shaped resonators. The inner holes of the 
rings extend through the ground plane creating a perforated sheet. This perforated 
structure is not optimal for perfect absorbers. However, diameter of the holes is 
much smaller than the resonance wavelength and the transmission through them is 
negligibly small. Moreover, to ensure zero transmission, we placed the sample on 
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Figure 5.10: Terahertz time domairi spectroscopy measurements and simulation 
results for E field aligned with (a) t he long axis, and (b) the short axis (b) of the 
substrate-free SCMM 
Figure 5.11: Simulated electric field maps at resonance dip frequencies for the electric 
field polarization aligned with the (a) long axis , and (b) the short axis 
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Table 5.2: The Drude parameters used to fit simulation data with corresponding 
measurement results for substrate-free SCMM saturable absorber 
Substrate-Free SCMM Absorber 
Corresp. Field Mobility Effective Polyimide 
Strength ( x Eo) ( cm2V-1s-1 ) mass (xm0) thick. (p.m) 
50% 5.5 X 103 0.09 25 
30% 7.5 X 103 0.05 25 
20% 10 X 103 0.042 25 
15% 12.5 X 103 0.038 25 
Low field optimal 19 X 103 0.023 29 
a gold mirror for the measurements. In these measurements we used a gold mirror 
also as a reference. Measurement results are given in Figure 5.12a. This device was 
optimized as a saturable absorber and a maximum absorbance was observed as 83% 
at low THz field strength. The maximum absorption did not reach near-unity due 
to fabrication imperfections such that the fabricated polyimide thickness came out 4 
p.m thinner than designed 29 p.m, and defects were formed on the InAs film during 
the transfer which decreased the carrier mobility. Another reason for the decreased 
mobility may be t he nonlinear effects which can be present even at t he lowest field 
strenghts of t he TDS setup because different than the absorbers in Chapter 4, now 
there is no dilution of t he field due to substrate. Absorption saturation was suc-
cessfully demonstrated. Absorbance dropped down to 58% at 50% of the m aximum 
field strength. Simulation results are shown in Figure 5.12b where we use the values 
in Table 5.2 for the Drude model of InAs. The curve with dashed line shows the 
designed maximum absorbance available for thicker polyimide layer and expected 
mobility of the grown film. 
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Figure 5.12: (a) Terahertz time domain spectroscopy measurements showing the 
absorbance for increasing field strength (b) Simulated absorbance spectra for Drude 
models with parameters shown in Table 5.2. 
Similar to previously shown absorber layouts, substrate-free SCMM absorbers 
also trap the electromagnetic fields inside the dielectric cavity (Figure 5.13a). In 
SCMM absorbers, absorption takes place both in the dielectric cavity and the semi-
conductor resonator as the simulation results indicate as in F igure 5.13b. 
We simulated incidence angle (e) and polarization angle ( ¢) dependence of the 
absorption for the substrate-free SCMM absorber. Incidence angle dependence of 
our absorber is a typical response that has been reported for most MM absorbers 
(Figure 5.14a, b) [20]. For TE polarized light, absorption starts to degrade after 
45 degree incidence angle, while for TM polarized light, absorption stays high for 
a wide range of angles, but shifts to higher frequencies. Thanks to the circular 
symmetric design of SCMMs and honeycomb symmetric lattice, there is no significant 
dependence on the polarization angle for a fixed incidence angle as can be seen in 
Figure Figure 5.14c for normal incidence, e = 0. There is a small shift in the 
peak absorption frequency since SCMM rings were modeled slightly skewed based 
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Figure 5.13: Simulated (a) power flow and (b) power loss maps of the substrate-
free SCMM absorber at the maximum absorption frequency of 0.65 THz. The color 
gradient from blue to red represents the scale from low to high value. 
on anisotropic etching due to the fabrication. 
The introductory designs presented here can be modified and improved in several 
ways. For example, a substrate-free SCMM optical limiter can be realized with a 
better modulation depth t han what has been shown in Chapter 4. Together with t he 
polyimide thickness, ring structure allows the design of symmetric and antisymmetric 
resonance frequencies for a variety of device design optimizations [117, 118]. Only by 
changing the dielectric spacer thickness of previously presented substrate-free SCMM 
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Figure 5.14: Absorbance spectra of substrate-free absorber as a function of (a,b) 
incidence angle (B) for TE and TM polarized light at ¢= 0, and as a function of (c) 
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Figure 5.15: Simulated absorbance spectrum of a substrate-free ring shaped SCMM 
absorber with 60 pm polyimide thickness as a function of free carrier mobility. An 
optical limiting with large modulation depth is achievable around 0. 9 THz. Bottom 
figures are the electric field maps indicating the resonance mode shapes at the two 
absorption peak frequencies 
saturable absorber to 60 pm, an optical limiter is designed. Figure 5.15 shows the 
change in absorbance of the new absorber design. It exercises an optical limiting 
characteristics around 0.9 THz. A low absorption valley is formed between the two 
resonance modes at low field or high mobility. As the field strength is increased 
(effectively decreasing the mobility and increasing the effective electron mass) , the 
absorption at the valley increases because of broadening of the modes and redshift 
of the antisymmetric absorption mode. In this layout, different from the previous 
absorbers, most of the electromagnetic power is dissipated at the semiconductor 
resonator at the optical limiting operation frequency of 0.9 THZ (Figure 5.16). 
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Figure 5.16: Simulated (a) power flow and (b) power loss maps of the substrate-free 
SCMM optical limiter at the maximum absorption frequency of 0.9 THz. The color 
gradient from blue to red represents the scale from low to high value. 
Apart from eliminating substrate effects, a substrate-free SCMM can be highly 
flexible and can be conformed on curved surfaces. This will bring even more benefits. 
For instance, a curved metal mirror can be covered with a flexible SCMM to trans-
form it to a curved nonlinear absorber mirror which may find uses in laser systems. 
Or it may play the role of a fuse to protect a sample under test while focusing the 
THz light on it . 
Chapter 6 
Comments and Conclusions 
In summary, this thesis introduces new methods to increase the functionality of 
metamaterial electromagnetic absorbers in the THz region. Presented metamate-
rial devices gain more importance for being optically controlled, in the sense that, 
all-optical (optical input/ output) devices are planned to replace the electronic de-
vices. Another important conclusion is that there are numerous opportunities in 
using semiconductors for the THz metamaterial field as they are used for tuning and 
nonlinearity, here. Doping and defect densities of semiconductors (e.g. Si or InAs) 
can be engineered to control resonance strength and response time of the created 
devices. For example, other semiconductors such as InSb can be employed to create 
SCMMs for their higher free carrier mobility to reach sharper resonance curves. 
In particular, semiconductor metamaterials have a vast potential mainly because 
they are nonlinear. These devices can be used to create systems with nonlinear feed-
back and many applications will be possible including pulse shortening, Q-switching, 
and mode locking. Furthermore, introduced concepts can be modified to use for 
chemical/biological substance detection. Several plasmonic detectors have been in-
troduced mostly working in the infrared/visible regime [78, 119, 120]. Similar to its 
higher frequency counterparts, presented semiconductor metamaterials can be used 
for sensing or spectrometry of materials carrying signatures in the THz band. For 
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such applications, field enhancement carries an important role to increase detection 
sensitivity. Figure 6.1 illustrates the field enhancement maps and cross-sections of 
the resonator surfaces at their resonance frequencies for the devices presented in this 
t hesis. High field enhancements are achievable particularly in the absorb ers. Be-
yond detection application , having larger enhancements also enables nonlinearities 
at smaller incident field strengths. This will have a tremendous help on studying 
nonlinearities of mat erials under very high electric fields. Geometries other than 
disk and rings arrays (e.g. dimers, bowtie etc.) can b e used to further increase the 
field enhancements. 
In conclusions, with large linear / nonlinear modulation depths and simple struc-
tures, presented devices can find many applications in ultra-fast THz optics, protec-
tive layers, high speed dynamic modulators, THz spectrometry, and sensing. 
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Figure 6.1: Simulated electric field enhancement cross-sections of the (cross-section 
locations are indicated by the dashed lines on the insets) (a) SCMM (Chapter 3) , 
(b) saturable absorber (Chapter 4), (c) optical limiter (Chapter 4) , (d) substrate-
free saturable absorber (Chapter 5). Shaded area corresponds to InAs. Results were 
acquired based on the simulation model parameters presented in previous respective 
chapters. Insets show simulated electric field distribut ions over the unit cells at their 
respective resonance frequencies. 
Appendix A 
Optical pump THz probe time domain 
spectroscopy in reflection mode 
An optical pump THz probe setup layout is shown in Figure A.l. An 800 nm pulsed 
Ti:Ab03 (titanium-sapphire) laser beam with 35 fs pulse width and 1kHz repetition 
1s used for three different purposes. The beam is splitted into three part using beam 
splitters. The first arm, incident on ZnTe crystal, is used to generate THz excitations. 
ZnTe crystal undergoes a nonlinear process, called optical rectification, and exercises 
a polarization that is proportional to the square of the incident optical field. While 
relaxing, this polarization results in a broadband THz radiation that is collimated 
and used as the probe beam. A teflon block is placed behind the crystal to block 
collinear 800 nm laser beam and only allow the THz beam to propagate. 
Second arm of the laser beam is directed on the sample as a pump beam which 
optically excites carriers on Si islands. A variable delay stage on its path is used 
to control the relative time of arrival to the sample with respect to the THz probe 
beam. In our experiments pump beam is set to arrive 10 ps before the probe beam 
in order to reach a homogenized state of carrier density on the Si islands. 
The third arm of the laser beam is used for sampling of the reflected THz light 
from the sample. To do this, both optical beam and reflected THz beams are 
collinearly aligned with the help of a pelicle which is transparent to THz and re-
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flective to optical beams. Then, the beams are sent on another ZnTe crystal. Here, 
Pockel's effect is used where the polarization effect of the crystal is tuned by incident 
THz beam's field strength. Thus, linearly polarized laser beam sees a retardation 
effect in the off-axes which can be simply defined as birefringence. The optical beam 
is sent through a quarter wave plate and a polarizing beam splitter, and a differential 
detector looks for the difference between the amplitudes of the perpendicular polar-
ization components. If THz field is zero, the optical beam experiences no retardation 
in ZnTe, and comes out as circularly polarized from the quarter wave plate. This 
means fields in perpendicular polarizations are equal and the detector reads zero. As 
the THz field becomes higher, the retardation effect increases the difference between 
the polarization components and readout signal also becomes higher. Since the opti-
cal pulse is much shorter than the THz beam, it is possible to sample the THz beam. 
In order to sample the full pulse, another variable delay stage is used to scan the 
optical pulse over the time frame of the THz pulse. The detection sensitivity mainly 
depends on the pulse width of the optical beam, mismatch between optical and THz 
phase velocities, and the nonlinearities in the crystal [121]. 
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Figure A.l: Optical pump T Hz probe time domain spectroscopy setup layout 
Appendix B 
High field THz time domain spectroscopy 
Crystals, such as LiNb03 , has large dispersive characteristics which shows distinctly 
different refractive indices at the infrared region than the THz range. In order to 
match the group velocity of the pump beam with phase velocity of the induced 
T Hz radiation, beam tilting method is employed. In this method pump and THz 
beams are not collinear. Instead, a crystal cut at a certain angle is used where pump 
and induced beams are at the neighbor crystal faces . This angle is defined by the 
ratio of refractive indices at the pump beam and the THz output. Additionally, a 
grating is used to tilt the phase front, so that the phase front of the pump beam 
matches the angled wall of the crystal. As a result of a nonlinear process polaritons 
are generated which couples to the free space as a T Hz radiation. LiNb03 can 
generate THz radiations without saturation for much larger pump beam energies 
compared to ZnTe. Thus, it is possible to achieve high field THz pulse strengths. 
This is particularly useful to study nonlinearities of various materials. Figure B.l 
and Figure B.2 show a high field THz T DS setup for transmission and reflection 
modes. 
1KHz 
lOOfs 
@800 nm 
polarizers 
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Figure B.l : High field THz TDS setup with tilted phase front excitation in trans-
mission mode 
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